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ABSTRACT: Riboswitches regulate gene expression via
speciﬁc recognitionof cognate metabolites by their aptamer
domains, which fold into stable conformations upon ligand
binding.However,therecentlyreportedsolutionandcrystal
structures of the Bacillus subtilis preQ 1 riboswitch aptamer
show small but signiﬁcant diﬀerences, suggesting that there
may be conformational heterogeneity in the ligand-bound
state. We present a structural and dynamic characterization
of this aptamer by solution NMR spectroscopy. The apta-
mer-preQ1complexisintrinsicallyﬂexibleinsolution,with
two regions that undergo motions on diﬀerent time scales.
Threeresiduesmoveinconcertonthemicro-to-millisecond
time scale and may serve as the lid of the preQ1-binding
pocket. Several Ca
2þ ions are present in the crystal struc-
ture, one of which binds with an aﬃnity of 47 ( 2 μMi n
solution to a site that is formed only upon ligand binding.
Addition of Ca
2þ to the aptamer-preQ1 complex in solu-
tion results in conformational changes that account for the
diﬀerences between the solution and crystal structures.
Remarkably, the Ca
2þ ions present in the crystal structure,
which were proposed to be important for folding and ligand
recognition, are not required for either in solution.
R
iboswitches are an important class of regulatory RNA
elements that are found in the 50 untranslated regions of
some mRNAs and usually consist of an aptamer and an expres-
sion platform.
1 Speciﬁc binding of a small metabolite to the
aptamerleadstorearrangementofthesecondarystructureofthe
riboswitch, and the resultant conformational change in the
expression platform turns gene expression on or oﬀ at either
the transcriptional or translational level. Over the last six years,
high-resolution structures of aptamers from 12 classes of ribo-
switches have been determined, providing signiﬁcant insights
into how they recognize their cognate metabolites.
2-5 Although
conformational rearrangements are one of the hallmarks of
riboswitches,
6-12 the conformations of the ligand-bound apta-
mer appear to be highly stable on the basis of the crystal
structures. However, the stabilities of these aptamer-ligand
complexes are diﬃcult to evaluate from structures directly, as
almost all of them were solved by X-ray crystallography, where
the sample conditions as well as RNA sequences were optimized
to form well-ordered crystals. We recently reported the ﬁrst
solution structure of a riboswitch aptamer, the Bacillus subtilis
preQ1riboswitchaptamerincomplexwiththepreQ1ligand.The
preQ1 riboswitch has the smallest known natural aptamer
domain and modulates biosynthesis of queuosine (Q) by
recognizing the Q precursor 7-aminomethyl-7-deazaguanine
(preQ1).
13-17 The B. subtilis preQ1 riboswitch aptamer is also
the only one for which both solution and crystal structures have
been determined.
15,16 The detailed comparison of these two
structures presented here has revealed small but signiﬁcant
conformational diﬀerences in the positions of residues above
the binding pocket, suggesting conformational heterogeneity in
the ligand-bound state.
18 Using solution-NMR approaches, we
investigatedtheconformationalplasticityoftheriboswitchinthe
ligand-bound state and evaluated the eﬀects of crystallization
conditions on riboswitch structure and dynamics.
The secondary structure of the B. subtilis preQ1 riboswitch
aptamer is a hairpin with an A-rich tail.
13 In the presence of
preQ1,theA-richtailbase-pairswiththenucleotidesinthecenter
of the hairpin loop to form an H-type pseudoknot with two
helices (P1 and P2) and three loops (L1, L2, and L3)
Figure1. ComparisonofsolutionandcrystalstructuresoftheB.subtilis
preQ1 riboswitch aptamer-preQ1 complex. Shown are the (A) second-
ary, (B) lowest-energy solution (PDB ID 2L1V), and (C) crystal (PDB
ID 3K1V) structures of the complex. Four Ca
2þ in the crystal structure
are shown as green spheres. (D) Overlay of P1 from the solution
(purple) and crystal (cyan) structures after P1-L3 superposition. (E)
Overlay of U9, C10, and A32 from the solution (purple) and crystal
(cyan)structuresafterP2-L1superposition.(F)ConformationsofU9,
C10, and U11 in the solution structures.
Received: December 31, 20105191 dx.doi.org/10.1021/ja111769g |J. Am. Chem. Soc. 2011, 133, 5190–5193
Journal of the American Chemical Society COMMUNICATION
(Figure 1A). In most H-type pseudoknots, L2 has 0-2 nucleo-
tides (nts). In the preQ1-bound aptamer, L2 is unusually long,
with6nts,the lastof whichstackson P1tobase-pairwithpreQ1.
Our previously reported NMR solution structure was deter-
mined primarily with nuclear Overhauser eﬀect (NOE)-derived
distancesandexperimentallyderiveddihedralangles.
16Tohavea
high-precision comparison between the solution and crystal
structures, we ﬁrst rereﬁned the solution structure with an
extensive set of residual dipolar couplings (RDCs) [Table S1
in the Supporting Information (SI)].
19,20 A few additional NOE
restraints were also obtained and incorporated into the structure
calculations during this reﬁnement. The ensemble of the rere-
ﬁned 20 lowest-energy structures was better determined with an
rmsd to the mean of 0.64 ( 0.13 Å (PDB ID 2L1V).
A comparison of the lowest-energy solution structure
16 and
the highest-resolution crystal structure (PDB ID 3K1V)
15 is
shown in Figure 1. Despite the diﬀerent sample conditions and
experimental approaches, the lower regions of the aptamer (P1,
L3, and residue C19 from L2) in the two structures are nearly
identical, with an rmsd of 1.2 ( 0.1 Å for the all-heavy-atom
superposition (Figure 1D), including the presence of unusual
A-amino hydrogen bonds between L3 residues and the minor
groove of P1 (A-amino kissing motif).
16 However, there are
some interesting diﬀerences in the remaining regions of the
aptamer. First, there is a sharp turn at the end of L1 in the crystal
structure, with the last nucleotide C10 involved in a noncanoni-
cal base pair with A35 at the top of P2. This results in a more
compact L1-P2 loop, with a closer approach of the phospho-
diester backbones of L1 and P2 than in the solution structure.
In addition, there is a Hoogsteen U9-A32 base pair in the
crystal structure. In contrast, C10 is not stacked on P2, and the
positions of U9, C10, and U11 are less well-deﬁned in the
solution structures (Figure 1F). Thus, the upper region of the
crystal structure (P2 and L1) diﬀers signiﬁcantly from that of the
solution structure, with an rmsd of 2.0 ( 0.1 Å for the all-heavy-
atom superposition (Figure 1E). Second, all of the crystal
structuresoftheaptamer(twoL2sequencevariantsanddiﬀerent
structures in the asymmetric units) have several visible Ca
2þ.I n
the highest-resolution structure there are four Ca
2þ ions, two in
theL1-P2turnandtwoattheinterfacebetweenaptamersinthe
asymmetric unit (Figure 1C). However, Ca
2þ is not present in
the solution study. Third, while L2 is reasonably well-deﬁned in
thesolutionstructures,noneoftheL2residuesexceptforthelast
one, which is hydrogen-bonded to preQ1, are visible in the
highest-resolution crystal structure. In the lower-resolution crys-
tal structures, three L2 residues are not visible.
To verify that the conformational similarities and diﬀerences
between the solution and crystal structures were not due to
diﬀerences in structure reﬁnement protocols, we performed a
direct order tensor analysis of the experimental RDCs of both
structures.
20 Since RDCs were used in reﬁning the solution
structure, they ﬁt excellently to the solution structure with a Q
factor
21of0.15,asexpected(Figure2A).However,themeasured
RDCs did not agree well with values back-calculated from the
crystalstructure(Q=0.40)(Figure2B),conﬁrmingthepresence
of conformational diﬀerences between the crystal and solution
structures. Fitting of RDCs to the P1/L3 residues conﬁrmed
that the lower regions of the aptamer in the crystal and solution
structures are almost identical, with the exception of the C10H10
bonds from L3 residues A27 and A28 (Figure S1 in the SI),
which adopt signiﬁcantly diﬀerent orientations in the crystal
and solution structures. These diﬀerences can be attributed
to the movement of L3 as a consequence of Ca
2þ binding.
Excluding the RDCs for A27 and A28 C10H10 gave Q = 0.21
when39RDCswereﬁttedtoP1/L3(FigureS1).However,even
after exclusion of these two RDCs either alone or with another
major outlier (C5H5 of C10), the back-calculated RDCs from
the entire crystal structure still showed discrepancies from the
measuredvalues(Q=0.31or0.26,respectively).Thisisprimarily
due to diﬀerent local conformations across P2/L1 rather than
diﬀerent relative orientations of P1/L3 and P2/L1 in the crystal
and solution structures. Fitting 32 RDCs to P2/L1 in the crystal
structure gave Q = 0.32 without major outliers (Figure S1). Thus,
theRDCanalysisshowsthattheconformationaldiﬀerencesinP2/
L1 in the crystal and solution structures are indeed signiﬁcant. It
further shows that most of P1/L3 is identical in solution and the
crystal, illustrating thatanNMRsolutionstructureofRNAcanbe
determined with an accuracy comparable to that for a high-
resolutioncrystalstructuregivenasuﬃcientnumberandaccuracy
of NOE and RDC restraints.
We next investigated the conformational ﬂexibility of the
riboswitch aptamer in the ligand-bound state on pico- to
nanosecond (ps-ns) time scale using NMR relaxation measure-
ments.
22,23 Analysis of the spin relaxation data (Figure 2C)
revealed that L2 is the only highly dynamic region of the
preQ1-bound aptamer, which is consistent with the absence of
most of the L2 residues in the crystal structures because of
disorder.
15 Within this ﬂexible loop, A18 and C19 are relatively
rigid because of direct hydrogen bonding with G13 and preQ1
Figure 2. Structural dynamics of the B. subtilis preQ1 riboswitch
aptamer-preQ1 complex. (A, B) Correlation between measured and
back-calculated RDCs using (A) the lowest-energy solution structure
and (B) the crystal structure. Symbols are colored as the secondary
structure. (C) Dynamics on the ps-ns time scale. Shown are values of
2R2-R1forC2,C6,andC8derivedfromR1andR1Fmeasurementsata
ﬁeldstrengthof800MHz.Dashedlinesaretheaveragevaluesexcluding
L2 residues. (D) Dynamics on the μs-ms time scale. Shown are the
eﬀectivespin-lock-ﬁelddependencesofR2þRexforbasecarbonsC6ata
ﬁeld strength of 600 MHz. The solid lines represent the best ﬁts of the
relaxation rates usingthe fast-exchange equation. The relaxation rates of
U9, C10, and U11 were ﬁtted globally to a single exchange rate.5192 dx.doi.org/10.1021/ja111769g |J. Am. Chem. Soc. 2011, 133, 5190–5193
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respectively, while U14, U15, and U17 undergo the most
signiﬁcant local motions of all the residues in the aptamer. The
remaining L2 residue, A16, shows limited ﬂexibility, which may
be largely due to its stacking interaction with A18. The rest of the
aptamer residues, except for the terminal residue A36, also have
limited motions on this time scale. It was somewhat surprising that
the L1 residues U9 and C10, which have the largest conformational
diﬀerences from the crystal structure and are among the least well-
deﬁnedresiduesinsolution,areremarkablystableonthistimescale.
We further extended the dynamic characterization from the
ps-ns to the μs-ms time scale and focused on regions with the
largest conformational diﬀerences between the solution and
crystal structures by applying a 1D-selective R1F experiment on
individually U- and C-labeled samples [Figure 2D; also see
Supporting Material and Methods (SMM) in the SI].
24 Stable
residues residing within helices (C21, U22, and U34) all showed
spin-lock-ﬁeld-independent relaxation rates of base carbons C6,
providing internal controls for the absence of conformational
exchange. The much smaller relaxation rates for L2 residue
U15 are consistent with its signiﬁcant local dynamics on the
ps-nstimescale,whiletheﬂatdispersionproﬁleindicatesthatit
has no motions on the longer μs-ms time scale. Residue U8
from L1, which forms a direct hydrogen bond with preQ1, is also
very stable on this time scale. In contrast, the relaxation disper-
sion proﬁles for C6s in U9, C10, and U11 revealed a very
diﬀerent map of dynamics in the RNA. These residues
have prominent spin-lock-ﬁeld-dependent relaxation rates, in-
dicating that they undergo conformational exchange on the
μs-ms time scale. Consistent with this, their positions were less
well-deﬁned by the NMR data. The individual dispersion
proﬁles were ﬁtted to the fast-exchange equation, which showed
similar exchange rates (kex =9 -14   10
3 s
-1) (Figure S2).
These residues are contiguous in sequence, but their backbones
form a turn (Figure 1F) and their dispersion proﬁles could be
globally ﬁt to a single exchange rate of (9.4 ( 0.7)   10
3 s
-1
(Figure 2D), suggesting that they undergo concerted motions.
We propose that during binding of preQ1, these residues
act as the lid of the binding pocket to sequester preQ1 by
properly positioning A12 and G13 to facilitate formation of P2.
In solution, the preQ1 riboswitch aptamer folds and binds
tightlyto preQ1 in the absenceof Ca
2þ or other divalent cations.
InthecrystalstructuresoftheB.subtilispreQ1aptamer,thereare
2-5Ca
2þperaptamer,butonlytheonelocatedatthesharpturn
is shared in common among all crystal forms.
15 This Ca
2þ has
been proposed to stabilize the sharp turn at C10 present in the
crystal structure, while the Ca
2þ at the P1/P2 junction has been
proposed to play a role in ligand binding by providing a water of
hydration to form a hydrogen bond with preQ1.
15 To investigate
whether Ca
2þ also binds to the preQ1 aptamer in solution, we
monitoredchemicalshiftchangesin
1H-
13CHSQCspectraasa
function of added Ca
2þ up to a ﬁnal amount of 10 equiv of Ca
2þ
(SMM and Figure S3). Figure 3A shows the chemical shift
mapping onto the solution structure at 2 equiv of Ca
2þ. The
major chemical shift changes are localized in the L1/P2 region,
whichcorrespondstothelocationoftheCa
2þfoundincommon
for all crystal forms, as well as where the major conformational
diﬀerences between the solution and crystal structures were
observed. These chemical shift changes reﬂect changes in the
chemical environment due to either direct Ca
2þ binding or
Ca
2þ-inducedconformationalchanges.Fittingthechemicalshift
changes as a function of Ca
2þ concentration gave values of the
apparent dissociation constant (Kd) ranging from 3 to 734 μM
(SMM and Figure S4). These Kd values are clustered into two
ranges, and interestingly, the residues falling in these two ranges
are located either above or below the preQ1-binding pocket,
respectively (Figure S4). Global ﬁtting of the chemical shift
changes from these two clusters gave Kd values of 47 ( 2 and
361 ( 22 μM (Figure 3B and Figure S4).
Within the region of larger Kd (weaker binding), G7 and U14
have the biggest chemical shift changes, indicating the biggest
inﬂuence of local environments upon Ca
2þ binding (Figure S3).
These two residues are next to the location of the Ca
2þ in the
crystal structure whose water of hydration forms a hydrogen
bond with preQ1.T h ew e a k e rC a
2þ binding aﬃnity at this location
may explain why this Ca
2þ was observed only in the highest-
resolution crystal structure.
15 It also raises the possibility that this
Ca
2þ does not make a signiﬁcant contribution to ligand binding.
The sharp turn in L1-P2 binds Ca
2þ much more tightly, with an
order of magnitude higher aﬃnity, consistent with the fact that the
Ca
2þlocatedatthesharpturnissharedincommonamongallofthe
crystal structures. We note that no chemical shift changes in the
aptamer were observed when Ca
2þ was added in the absence of
preQ1.T h u s ,t h e s et w oC a
2þ binding sites are created only upon
bindingofpreQ1totheaptamer.Incontrast,intheTPPriboswitch,
ah i g h - a ﬃnity (Kd = 170 μM) divalent cation (Mg
2þ)i sap r e -
requisite for TPP binding.
25 In addition, the tight binding site is
speciﬁcf o rC a
2þ and not for Mg
2þ, as only minor chemical shift
changes were observed upon titration with Mg
2þ (Figure S5).
Since the preQ1-bound aptamer tightly binds Ca
2þ in solu-
tion, we hypothesized that the presence of Ca
2þ in the crystal-
lization condition might account for the conformational
diﬀerences between the solution and crystal structures. To test
thishypothesis,wemeasuredRDCsinthepreQ1-boundaptamer
inthe presence of 6mMCa
2þ.The 84 RDCssharedincommon
for the preQ1-bound aptamer with and without Ca
2þ were
poorly correlated (R = 0.83) (Figure S6). The order tensor
analysisshowedthatwhiletheRDCsmeasuredinthepresenceof
Ca
2þ did not ﬁt well with the solution structure (Q = 0.34),
theyﬁtexcellentlywiththecrystalstructure(Q=0.19) (Figure4
A,B). These results indicate that Ca
2þ binding does induce
conformational changes in the Ca
2þ-free solution structure of
the aptamer toward a conformation more similar to the crystal
structure. Order tensor analysis of RDCs with individual
domains showed that the structural changes are located in the
P2/L1 region (Figure S7), and the poor correlation between the
RDCs measured with and without Ca
2þ is largely due to the
changes in the overall alignment upon addition of Ca
2þ (Table
S5).Alongwiththestructuralchanges,thedynamicpropertiesof
some residues inP2/L1 werealsoperturbeduponCa
2þbinding.
On the ps-ns time scale, most residues do not experience
Figure3. TheB.subtilispreQ1riboswitchaptamer-preQ1complexhas
ahigh-aﬃnityCa
2þbindingsiteinsolution.(A)Chemicalshiftmapping
of Ca
2þ binding. Residues with >0.05 ppm chemical shift changes at 2
equiv of Ca
2þ are highlighted in color on the structure. (B) Titration
curves for the upper-domain residues as functions of Ca
2þ concentra-
tion, yielding an apparent Kd of 47 μM from a global ﬁt.5193 dx.doi.org/10.1021/ja111769g |J. Am. Chem. Soc. 2011, 133, 5190–5193
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signiﬁcant changes in local dynamics, but C10, which caps P2 in
the crystal structure, becomes more ﬂexible (Figure S8). On the
μs-ms time scale, the concerted motion of the lid is disrupted by
Ca
2þ binding. While the conformational exchange of C10 on the
μs-mstimescaleiscompletelyquenched,U9retainsitsexchange
rateof(16.1(4.6)   10
3s
-1.Co ns is t en twi t hst ab il iz at io no fP 2
byCa
2þ,theexchangerateforP2residueU11decreasestoalower
value of (4.5 ( 0.6)   10
3 s
-1 (Figure 4C).
In summary, we have shown that small but signiﬁcant diﬀer-
ences between the NMR solution and crystal structures of RNA
can be accurately determined and evaluated. The observed
conformational diﬀerences between the solution and crystal
structures of the B. subtilis preQ1 riboswitch aptamer, located
in the upper stem, are largely due to the presence of Ca
2þ in the
crystallizationconditions.Whileformationofastableupperstem
wouldappeartobeimportantonthebasisofthecrystalstructure
alone, the solution structure and dynamics showed that the
preQ1 is tightly bound even with an apparently unstable upper
stem. PreQ1 is likely captured as the riboswitch RNA is being
transcribed, and our results support the hypothesis that the
concerted movement of the lid may function to capture preQ1
prior to complete formation of the upper stem. Moreover, our
structuralanddynamicstudiesuncoveredaCa
2þ-bindingpocket
that remarkably forms only upon ligand binding. Despite the
apparent contribution (based on the crystal structure) of one of
the bound Ca
2þ to ligand recognition and the other to stable
aptamer folding, the solution data revealed that they are not
required for either. While the possibility of a functional role of
Ca
2þ in locking down the lid is intriguing, it seems unlikely
because the resting concentration of Ca
2þ in bacteria is 0.1-0.3
μM.
26 Even if activation up-regulates Ca
2þ concentration by
10-100 fold, it would still be low relative to Kd. Divalent cations
are frequently required for RNA folding and ligand binding,
27 so
it is noteworthy that we have observed this case of fortuitous
formation of a divalent-cation binding pocket in the crystal
structure that is most likely not essential in vivo.
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Figure 4. Calcium binding induces changes in the structure and
dynamics of the B. subtilis preQ1 riboswitch aptamer-preQ1 complex.
(A, B) Correlation between measured RDCs in the presence of 6 mM
Ca
2þ and values back-calculated using (A) the lowest-energy solution
structure and (B) the crystal structure. (C) Dynamics of the aptamer-
preQ1complexontheμs-mstimescaleinthepresenceof6mMCa
2þ.
Shownare theeﬀectivespin-lock-ﬁeld dependencesofR2þRex forbase
carbons C6 at a ﬁeld strength of 600 MHz, and solid lines represent the
best ﬁts of the relaxation rates. In the right panel, the relaxation
dispersion proﬁle of C10 is shown using open symbols for comparison.